Bulk mineralogy of the terrigenous fraction of 99 samples from ODP Site 722 on the Owen Ridge, western Arabian Sea, has been determined by x-ray diffraction, using an internal standard method. The sampling interval, approximately 4.3 k.y., provides a detailed mineralogic record for the past 500 k.y. Previous studies have identified important modern continental sediment sources and the mineral assemblages presently derived from each. These studies have also demonstrated that most of this material is supplied by southwest and northwest winds during the summer monsoon. A variety of marine and terrestrial records and general circulation model (GCM) simulations have indicated the importance of monsoonal circulation during the Pleistocene and Holocene and have demonstrated increased aridity during glacial times and increased humidity during inter glacials. The mineralogic data generated here were used to investigate variations in source area weathering conditions during these environmental changes.
INTRODUCTION
One of the major objectives of drilling in the Arabian Sea during ODP Leg 117 was to recover and investigate the high-resolution pelagic sediment sections deposited on the Owen Ridge under the influence of the Indian Ocean monsoon. The summer monsoon in the Arabian Sea is driven by the combination of two effects: differential heating of southern Asia relative to the Indian Ocean, and direct latent heating of the troposphere over southern Asia resulting from the condensation of water vapor evaporated from the Indian Ocean (Webster, 1987) . The passage of strong monsoonal winds over arid continental regions presently supplies significant terrigenous material from several source areas to the northwest Arabian Sea (Sirocko and Sarnthein, 1989; Nair et al., 1989; Savoie et al., 1987; Chester et al., 1985) . These eolian contributions carry mineralogically distinct signatures that are observable in surface and subsurface sediments of the Arabian Sea (Sirocko and Sarnthein, 1989; Debrabant et al., this volume; Kolla et al., 1976 Kolla et al., , 1981 . Clemens and Prell (this volume; have demonstrated the eolian origin of the terrigenous fraction of Owen Ridge sediments, and have used the grain size and the mass accumulation rate (MAR) of the terrigenous fraction to monitor southwest (summer) monsoon strength and dust source area aridity over the past 1 m.y. They conclude that variations in the strength of either or both of the two monsoon-forcing mechanisms may be partially responsible for variations in monsoon wind strength over this time interval. Debrabant et al. (this volume) used mineralogic data to demonstrate that eolian material has dominated terrigenous input to the Owen Ridge since its uplift in the middle Miocene. However, the wider sampling interval of the latter study precluded a detailed investigation of Quaternary source areas and changes in their importance over the interval investigated by Clemens and Prell (this volume) .
As a result, the objectives of this study are as follows: to develop a detailed mineralogic record of the eolian component of Owen Ridge sediments for the past 500 k.y.; to identify weathering/climatic conditions in continental dust source areas from their mineralogical signatures; and to evaluate the significance of temporal variations in the importance of each assemblage. To our knowledge, this is the first detailed mineralogic study of a high-resolution eolian record. The mineralogic data constrain paleoclimatic interpretations of the eolian component by identifying conditions within the sediment source areas and clarifying temporal relationships between variations in source area conditions and global paleoclimate.
Background and Previous Work
General relationships between the lithology and the weathering regime of a continental source area and the composition of the clay mineral assemblage derived from that source area were established on a global scale by Griffin et al. (1968) and Lisitzin (1972) . Numerous other studies have confirmed such relationships on basinwide, regional, and local scales. These relationships were used by Kolla et al. (1976) and Kolla et al. (1981) to interpret clay mineral abundance data from surface sediments of the western Indian Ocean and the Arabian Sea. On the basis of modern geographic patterns of clay mineral abundances, they concluded that:
1. Smectites are predominantly derived from the Deccan Traps of India at the present time, enter the Arabian Sea via fluvial discharge, and are transported to the south by surface currents;
2. Illites and chlorites are presently derived from the Himalayan complex, from the arid regions of Iran-Makran, and from alluvial sediments adjacent to the latter region. Sediments derived from the Himalayas are transported to the Arabian Sea by the Indus River, and are generally confined to the Indus Fan; additional material rich in illite and chlorite may be carried from the Thar Desert of India by northeast winds, but could not be distinguished from the Indus signal by Kolla et al. (1981) . Sediments derived from the soils of Iran-Makran are transported to the Arabian Sea by northerly and/or northwesterly winds;
3. Palygorskite (a fibrous clay) is presently derived from soils of the Arabian Peninsula and Somalia, and is supplied to the Arabian Sea by westerly and southwesterly winds; 4. Kaolinite is presently derived from tropical soils of Africa, Madagascar, and southern India, but is of minor importance in the northern Arabian Sea.
More recent studies have examined the timing and dynamics of eolian input to the Arabian Sea by analyzing aerosols (Chester et al., 1985) , determining seasonal variations in sediment component fluxes (Nair et al., 1989) , and comparing a yearlong record of dust trajectories from satellite images to spatial patterns of sediment accumulation rates over the past 8 k.y. (Sirocko and Sarnthein, 1989) . Aerosols sampled over the northern Arabian Sea during the northeast monsoon were compositionally similar to the underlying sediments (relatively rich in chlorite), and similar to material derived from the Iran-Makran region (Chester et al., 1985) .
Sediment trap data from the western Arabian Sea demonstrate that 80% of the terrigenous flux occurs during the time of the southwest monsoon (Nair et al., 1989) , and originates from eolian transport. Terrigenous fluxes are also enhanced in the central and eastern Arabian Sea during the time of the southwest monsoon, but result from increased discharge of the Indus River. Accumulation rates of various terrigenous components over the past 8 k.y. outline a major source in Oman, which supplies chlorite, dolomite, and detrital carbonate via summer northwesterly winds, and a major source in central Arabia, which supplies palygorskite and smectite via a southwestern branch of the summer Arabian northwesterlies (Sirocko and Sarnthein, 1989) . Fluxes of these eolian materials compare well with an estimate of transcoastal dust flux derived from satellite images for 1979. Sirocko and Sarnthein (1989) argue that most of this eolian material is not transported by the southwest monsoon, and therefore cannot be used as a marker of monsoon intensity; Clemens and Prell (1990) , however, recognize that the summer northwest and southwest wind strengths are coupled by their mutual dependence on the low pressure cell over India, so that eolian sedimentation by either wind system responds to the same largescale climatic boundary conditions. Climatic fluctuations in these source regions over time scales of thousands of years or more may have affected the mineralogy of sediments derived from each. Street and Grove (1979), van Campo et al. (1982) , Prell and van Campo (1986), and van Campo (1986) have documented increased humidity during interglacials and increased aridity during glacials in this area during the Pleistocene. These interpretations agree with the results of paleoclimatic modeling (Kutzbach, 1981; Kutzbach and OttoBliesner, 1982; COHMAP Members, 1988) .
The results of van Campo et al. (1982) and Prell and van Campo (1986) are especially important to this study, van Campo et al. (1982) concluded that saline littoral, arid, and steppe inland conditions expanded during the last glacial, accompanied by stronger winter northeast trade winds. Savanna-type vegetation dominated during the humid inter glacials, with transport dominated by the summer southwest monsoon. Prell and van Campo (1986) demonstrated the association of strong southwest monsoons and increased precipitation with interglacials, whereas glacial periods were marked by weaker monsoons, perhaps following different trajectories, and more arid conditions.
MATERIALS AND METHODS
Samples for this study were collected from Hole 722B, which is located on the Owen Ridge at 16°37'N, 59°48'E, at a water depth of 2027 m (Fig. 1 ). Samples were taken from the upper 40 m of Hole 722B; data from the upper 21 m are presented here. These sediments are contained within lithologic Unit I (Shipboard Scientific Party, 1989) , which is composed of alternating light and dark beds of foraminifer-bearing nannofossil ooze, nannofossil ooze/chalk, and marly nannofossil ooze/ chalk. Sampling interval for this study was 20 cm, which is equivalent to a 4.3 k.y. sampling interval at an average sedimentation rate of 4.5 cm/k.y. (Clemens and Prell, this volume) .
Samples used in this study are splits of the samples used by Clemens and Prell (this volume) . Samples for this study were treated with 30% hydrogen peroxide, buffered with ammonium hydroxide, to remove organic matter, and with glacial acetic acid to remove biogenic carbonate. The remainder of the sample preparation followed the general procedures outlined by Krissek (1982 Krissek ( , 1989 . Residues were freeze-dried, and approximately 100 mg of dried bulk residue were weighed and mixed with 10% by weight boehmite (A1OOH), which serves as an internal standard. The mixtures were back-loaded as powders into random mounts for XRD analysis.
All slides were solvated with warm ethylene-glycol vapor for 8-12 hr immediately preceding analysis on a Philips diffractometer. Slides were step-scanned at 0.02° 20/step and 3 s/step with Ni-filtered CuK-alpha radiation. Data were plotted by printer. The 15-18 Å smectite (001), 10.4-10.8 Å palygorskite (110), 10 Å illite (001), 6.11 Å boehmite (020), 4.26 Å quartz (100), 4.02 Å plagioclase (201), 3.57 Å kaolinite (002), 3.54 Å chlorite (004), and 2.89 Å dolomite (104) peak areas were measured with a polar planimeter.
Under conditions of uniform grain size and uniform mineral chemical/structural composition, calibration curves can be constructed to calculate mineral abundances from mineral/boehmite peak area ratios (Gibbs, 1967; Scheidegger and Krissek, 1982; Krissek, 1982) . Because bulk samples from Site 722 were analyzed, grain sizes within the pressed powders were not uniform and orientation effects may have been important. These conditions violate criteria needed to accurately apply calibration curves, so the mineral/boehmite peak area ratios measured in this study have not been converted to mineral abundances. As a result, variations in the abundance of a single mineral (e.g., Prell, Niitsuma, et al., 1989) . quartz) can be described using downcore changes in the peak area ratio of that mineral. Absolute abundances of two or more minerals cannot be compared, however.
Analytical precision was evaluated by analyzing replicate slides of six samples, and is estimated as follows (given as absolute mineral/boehmite peak area ratios): ± 0.07 for smectite, ± 0.09 for palygorskite, ± 0.08 for illite, ± 0.22 for quartz, ± 0.15 for plagioclase, ± 0.07 for kaolinite, ±0.13 for chlorite, and ± 0.21 for dolomite. Scheidegger and Krissek (1982) and Krissek (1982) have demonstrated that absolute abundances, determined from mineral/boehmite peak area ratios using calibration curves, are accurate at ± 5% for smectite, ±2% for chlorite and illite, and ±1% for quartz and plagioclase feldspar. Absolute abundances inferred from the peak area ratios measured in this study would have lower accuracies than those cited by Scheidegger and Krissek (1982) and Krissek (1982) , because of the grain size variations described earlier.
The peak area ratio data were examined for variable-to-variable relationships by R-mode factor analysis, using the FACTOR ANALYSIS procedure of the StatView 512+ software package (Brainpower, Inc., 1986) . The final factor analysis results were obtained by an ORTHOTRAN (oblique) refinement of a VARI-MAX solution; all factor intercorrelations following the OR-THOTRAN refinement were less than 0.45. The terminology employed here is that of StatView 512+ (Brainpower, Inc., 1986) and Davis (1986) , which labels the coefficients that indicate the importance of each variable on a factor as "loadings," and the coefficients of factor importance to each sample as "scores."
Ages for these samples were obtained from the age model constructed for 0-780 ka at Site 722 by Clemens and Prell (this volume) , based on correlation of the oxygen isotope record from Hole 722B to the SPECMAP stacked oxygen isotope record (Imbrie et al., 1984) . Temporal and frequency relationships between the importance of each mineral assemblage (factor) and indicators of monsoon strength, source area aridity, and global paleoclimate (Clemens and Prell, this volume) were evaluated using cross spectral analysis. Records were interpolated at 2 k.y. intervals for the cross-spectral analysis, and all analyses were conducted using standard techniques (Imbrie et al., 1989; Jenkins and Watts, 1968) .
DATA
Mineral/boehmite peak area ratios are plotted as a function of age in Figure 2 , and are tabulated in the Appendix. Each record exhibits significant variability (greater than the analytical uncertainty) over the interval studied, but none of the records Figure 2. Mineral abundance data (mineral/boehmite peak area ratios) at ODP Site 722, plotted as a function of age. All records are dominated by short-term (10-100 k.y.) variability. exhibits a consistent long-term increase or decrease over this time. It is interesting to note, however, that several records do exhibit shorter-term variations of consistent length; these are most obvious as cycles of approximately 100 k.y. duration in the palygorskite/boehmite and dolomite/boehmite ratios.
DISCUSSION

Paleoclimatic Significance of Mineral Assemblages in Owen Ridge Eolian Sediments, Time Series Analysis
The important terrigenous minerals at Site 722 are smectite, illite, palygorskite, kaolinite, chlorite, quartz, plagioclase feldspar, and dolomite, all of which have been identified as important constituents in studies of Holocene and modern Arabian Sea sediments and aerosols (Sirocko and Sarnthein, 1989; Debrabant et al , this volume; Chester et al., 1985; Kolla et al., 1976 Kolla et al., , 1981 . Previous studies have used geographic patterns of mineral abundances or fluxes to infer modern source areas for each, as summarized in the "Introduction." Because these studies generally examined surface or near-surface sediments, however, temporal changes in the mineral assemblages derived from these sources could not be considered. The Site 722 samples span the past 500 k.y., providing an excellent opportunity to evaluate temporal changes in mineral associations and to identify the longer-term variability in sediment supply to the Arabian Sea.
Mineral associations have been identified by performing an R-mode factor analysis, with an ORTHOTRAN refinement of a VARIMAX solution (Brainpower, Inc., 1986) . This application assumes that all relevant matrix variance has been included when the sum of the proportionate contributions of the eigenvalues exceeds 0.75; for the Site 722 data, four factors are required to exceed that value. The contributions of the four factors to explaining the original variance, and their proportionate variance contributions following the ORTHOTRAN/VARIMAX solution are listed in Table 1 . Loadings for each variable on each of the four factors are listed in Table 2 .
Temporal variations in the importance of these four factors can be interpreted to emphasize either of two effects: (1) variations in the importance of input from specific source areas caused by changes in transport paths (e.g., monsoon position), assuming that the mineralogy of materials derived from those sources remained constant through glacial/interglacial climatic fluctuations; or (2) climatically controlled changes in the mineralogy of sediments derived from less precisely located source areas during glacial/interglacial fluctuations, assuming that summer monsoon winds dominated eolian input over that time. The latter approach is chosen here for three reasons: (1) continental climates are known to have changed significantly during glacial/ interglacial fluctuations (Street and Grove, 1979; van Campo et al., 1982; Prell and van Campo, 1986) , suggesting that weathering conditions and the mineral assemblages produced should also have changed; (2) the importance of monsoonal circulation throughout the past 1 m.y. has been recognized in marine faunal indicators of monsoon-induced upwelling (Prell and Curry, 1981; Prell, 1984) and eolian grain-size and MAR records on the Owen Ridge (Clemens and Prell, this volume, 1990) ; and (3) potential source areas for the important minerals and mineral assemblages are relatively extensive, so that the variations in wind trajectories and dust transport paths expected during glacial/interglacial cycles would not have changed source areas enough to explain the observed variations in mineralogy. In this context, the factors can be summarized and interpreted as follows:
1. Factor 1 is dominated by high positive loadings for quartz and chlorite, and an intermediate positive loading for dolomite. The largest negative loadings are for kaolinite and palygorskite, but these values are significantly lower than the maximum positive values. As a result, Factor 1 is an indicator of the association of quartz and chlorite, and to a lesser extent, dolomite. Of the two most important minerals, chlorite is more sensitive to the weathering environment. Chlorite is only stable under conditions of very minimal chemical weathering (Dixon and Weed, 1977; Velde, 1985) , whereas quartz is readily produced from a variety of source lithologies under a range of weathering conditions. Dolomite is also more stable than chlorite (Dixon and Weed, 1977) , being recycled from older sedimentary rocks and produced by desiccation of sabkhas. The importance of chlorite in Factor 1 suggests that this mineral assemblage formed in, or was recycled from, relatively arid source regions. Detrital chlorite is most readily generated either as an inherited mineral from igneous or metamorphic source lithologies, or as a weakly altered product of ferromagnesian minerals (Dixon and Weed, 1977) . Appropriate source lithologies have been common in IranMakran, Oman and the Arabian Peninsula, and East Africa throughout the past 500 k.y. The importance of dolomite in Factor 1 suggests that at least some of this assemblage was derived from Oman and the Arabian Peninsula, since dolomitic source lithologies are best exposed there (Sirocko and Sarnthein, 1989) . All of these potential source areas are suitably located to supply material to Site 722 via southwesterly or northwesterly summer winds.
2. Factor 2 is dominated by high positive loadings for kaolinite, plagioclase, and illite; loadings for all other minerals are very low. Of the three important minerals, illite and plagioclase are the most environmentally sensitive, whereas kaolinite may be recycled from older, more intensely weathered rocks. Illite is formed by degradation of mica or by weathering potassium feldspars under conditions of limited precipitation (Dixon and Weed, 1977; Blatt et al., 1980) ; these conditions are also favorable for preservation of plagioclase feldspar. Kolla et al. (1981) and Sirocko and Sarnthein (1989) have identified several sources that presently supply illite to the Arabian Sea: Iran-Makran, the Arabian Peninsula, and Somalia. As a result, appropriate source rocks have been available in several areas to generate the Factor 2 mineral assemblage during appropriate weathering conditions over the last 500 k.y.
3. Factor 3 is dominated solely by smectite, although plagioclase has a moderate negative loading. Smectite is produced by moderate chemical weathering of a wide variety of source lithologies (Velde, 1985) . Under such conditions, plagioclase feldspar is relatively unstable. The major source of smectite to the modern eastern Arabian Sea is the Deccan Trap basalts, but appropriate source lithologies have also been exposed in the Arabian Peninsula and East Africa during the past 500 k.y. (Kolla et al., 1981) .
4. Factor 4 is dominated by palygorskite and, to a lesser extent, dolomite. Palygorskite is formed in marine settings, alkaline lakes, and calcrete/caliche profiles (Velde, 1985) , and is present in a variety of carbonate and evaporite deposits. Palygorskite is highly susceptible to decomposition during chemical weathering (Dixon and Weed, 1977; Velde, 1985) . Thus, its importance in Factor 4 indicates an assemblage derived from an arid source region. The major sources to the modern Arabian Sea are the arid regions of the Arabian Peninsula and East Africa (Kolla et al., 1981; Sirocko and Sarnthein, 1989) , but the importance of dolomite in Factor 4 suggests input from the Ara-bian Peninsula, where carbonate source lithologies are common (Sirocko and Sarnthein, 1989) .
In summary, the mineral assemblages of Factors 1, 2, and 4 record sediment production under arid conditions and limited chemical weathering, whereas the assemblage of Factor 3 records enhanced chemical weathering effects. The importance of dolomite in assemblages grouped as Factors 1 and 4 suggests a sustained production of both assemblages in Oman and the Arabian Peninsula, whereas the areas supplying the Factor 2 and 3 assemblages are less well-defined.
Temporal variations in the relative importance of the four mineral assemblages (factors) can be estimated by examining the time-series of factor scores for each ( Fig. 3; Appendix) . None of the time-series exhibits either significant long-term trends or major step-like variations; instead, each time-series is dominated by shorter term (scales of 10-100 k.y.) variability. This shorter-term variability is most readily observed in the loadings on Factor 4, where quasi-cyclic variations over approximately 100 k.y. intervals are overlain by fluctuations on even shorter time scales. Detailed interpretations of source area paleoclimates directly from the factor scores are complicated by the predominance of short-term variability in all four time-series; the variability arises at least in part because weathering assemblages and erosional products may not respond immediately and directly to climatic changes. Instead, the mineral assemblage deposited at a particular time may combine the weathering products of both older and contemporaneous climates. The complications imposed by such "lag" effects and by the nonlinear response of weathering products to climate change can be illustrated by examining the factor scores for the last glacial maximum (isotopic stage 2, centered at approximately 18 ka; Imbrie et al., 1984) and the last interglacial (isotopic stage 5.5, centered at approximately 125 ka; Imbrie et al., 1984) . These data are summarized in Table 3 . Pollen assemblages (van Campo et al., 1982; Prell and van Campo, 1986) indicate that the last glacial maximum was relatively arid, but the 18 ka sample does not have strong scores for the three "arid" factors. In contrast, pollen data indicate increased humidity at the last interglacial, while that sample has strong scores for the "arid" factors 2 and 4.
The potential complications posed by the lack of equilibrium between extant climate and the mineral assemblages deposited are further illustrated in Table 4 , where scores for each factor have been averaged over the duration of each isotopic stage from 1 through 13 (after Imbrie et al., 1984) . If all mineral assemblages quickly equilibrated with contemporaneous climate, then the relatively humid interglacial stages (1, 5, 7, 9, 11, and 13) should have low scores for Factors 1, 2, and 4, and high positive scores for Factor 3. This condition is somewhat met during stages 9, 11, and 13, but not during the more recent interglacials. Under conditions of rapid equilibration during glacial stages (increased aridity), high positive scores should occur for Factors 1, 2, and 4, and a high negative score should occur for Factor 3. Several glacial stages (2, 4, 8, 12) show appropriate scores for one or two factors, but none fulfill these conditions for all fac-tors. In addition, stage 1 (an interglacial) has a high positive score for Factor 2, suggesting input under "arid" conditions. In general, then, these results indicate that terrigenous mineral assemblages deposited in the western Arabian Sea during the past 500 k.y. were influenced by a range of controls, so that their record of source area paleoclimate is not obvious or direct.
Paleoclimatic Significance Of Mineral Assemblages In
Owen Ridge Eolian Sediments, Frequency Domain Analysis As discussed previously, the comparison of factor scores to the isotopically derived record of paleoclimate in the time domain does not directly support our mineralogy-based interpretation that Factors 1, 2, and 4 are related to source area aridity and, therefore, to glacial/interglacial cycles. An alternative approach is to compare the records in the frequency domain, using cross-spectral analysis. This approach is particularly useful when analyzing complicated records, because each record is broken into its component frequencies of variation; in the case of the factor scores, this method of analysis is useful for separating the paleoclimatically forced signature of weathering from variations produced by other mechanisms. The constituent frequencies of variation can then be compared between records to identify their coherency (linear relationships), and can also clarify lead/lag relationships that result from a variety of processes, including the kinetics of weathering under changing climatic regimes. If our hypothesis about the significance of Factors 1, 2, and 4 is correct, then the scores for those factors should be coherent with (i.e., linearly related to) the terrigenous MAR record, which has been shown to have a strong positive correlation to glacial/ interglacial cycles (Clemens and Prell, this volume, 1990) .
The time-series of scores for each factor was subjected to spectral analysis, and the results are illustrated in Figure 4 . The spectra of factor scores were compared with the spectra of eolian MAR and eolian grain size at Site 722 (Clemens and Prell, this volume), and global ice-volume (the SPECMAP stacked oxygen isotope record of Imbrie et al., 1984 ) over the interval 6-500 ka. Clemens and Prell (this volume, 1990 ) have demonstrated that eolian MAR records from the Owen Ridge contain spectral peaks at periods of 100, 40-42, 22-24, and 18-20 k.y. (the primary Milankovitch frequencies), and that these records are coherent with the marine oxygen isotope record and glacial loess sections from central China. Because of these relationships, they interpret the eolian MAR as an indicator of past dust source-area aridity, driven by glacial/interglacial climatic fluctuations. The eolian grain size record varies independently of the MAR, but is well correlated with biotic indices of winddriven up welling. For this reason, the grain size record is interpreted as an index of summer monsoon wind strength.
Cross-spectral analyses identified significant coherence and zero phase relationships between the Site 722 factor scores and the Site 722 eolian MAR, and between the Site 722 factor scores and the marine oxygen isotope record. Because the Site 722 eolian MAR record is the more direct indicator of paleoclimatic aridity and because the linear relationship between the eolian MAR and marine oxygen isotope records is presented elsewhere (Clemens and Prell, this volume, 1990) , we present only the cross-spectra that compare the scores for the mineralogic factors to the eolian MAR record from Site 722 (Fig. 4) . Poor coherence is demonstrated by the cross-spectral analysis of the Site 722 factor scores and the Site 722 eolian grain size records, supporting the hypothesis that variations in Factors 1, 2, and 4 are responses to changes in source area aridity, instead of wind strength.
The variance spectrum for Factor 1 contains peaks at periods of approximately 117, 71, 33, 23, 21, and 17 k.y. (Fig. 4A) ; the 23 k.y. (precession) peak shows significant coherence and zero phase relationship with the 23 k.y. eolian MAR spectrum (Figs.  4A and 5) . The variance spectrum for Factor 2 contains peaks at approximately 111, 37, 27, 21, and 18 k.y.; the Factor 2 record shows relatively weak coherence with the eolian MAR at the 41 k.y. (obliquity) band (Figs. 4B and 5 ). This association with the known period of obliquity, and the zero phase relationship, support the significance of this coherence. The variance spectrum for Factor 3 contains peaks at approximately 69, 43, 35, and 28-20 k.y., but shows no significant coherence with the eolian MAR record (Fig. 4C) . The variance spectrum for Factor 4 contains peaks at approximately 110, 38, 28, and 20 k.y., and shows significant coherence and a zero phase relationship with eolian MAR at the 100 k.y. (eccentricity) band (Figs. 4D and 5) .
Previous high-resolution studies of paleoclimatic indicators in the Arabian Sea (Prell and Curry, 1981; Prell, 1984; Prell and van Campo, 1986; Clemens and Prell, this volume, 1990) have emphasized the importance of variations at the primary Milankovitch frequencies (eccentricity, 100 k.y.; obliquity, 41 k.y., precession, 23 k.y.). These influences are also evident in the Site 722 factor spectra, where frequencies at or close to the primary Milankovitch frequencies are identified for each factor (eccentricity and precession in Factor 1, eccentricity, obliquity and precession in Factor 2, obliquity and precession in Factor 3, and eccentricity, obliquity, and precession in Factor 4).
The spectra for Factors 1, 2, and 4 exhibit significant coherency and zero phase relationships with the Site 722 eolian MAR over the primary Milankovitch frequencies (Figs. 4 and 5) , indicating direct linear relationships between a portion of the increased production of each arid mineral assemblage (factor) and the increased total eolian flux to the Owen Ridge. We have previously demonstrated a possible disequilibrium between extant climate (indicated by global ice volume) and the production/deposition of arid mineral assemblages (see Tables 3 and 4 ). The spectral comparisons provide two lines of evidence to explain that disequilibrium: (1) the spectrum for each factor contains peaks at the primary Milankovitch frequencies, but also contains peaks not observed in the global ice volume record (Fig. 4) . The mechanisms that force the variations at non-Milankovitch frequencies are not known at this time, but the presence of such variations re-emphasizes the complex nature of the weathering/ erosion/deposition cycle. As a result of these variations at nonMilankovitch frequencies, each factor score record and the global ice volume record cannot vary synchronously in the time domain; and (2) the spectral comparisons indicate a lag between maximum ice volume and the maximum importance of arid mineral assemblages over the eccentricity and precession bands (Fig. 5) . More specifically, maximum source area aridity, as indicated by maximum eolian MAR and maximum importance of the individual mineral assemblages, follows maximum global ice volume by 8 k.y. over the eccentricity band, by about 3 k.y. over the precession band, and is in phase over the obliquity band. These lags also reduce the correlation between the factor scores and global climate (as expressed by the oxygen isotope stages). While a general aridity control on the variability of Factors 1, 2, and 4 is understandable, the detailed associations identified by the cross-spectral analysis are more difficult to explain. On the basis of available data from the Arabian Sea, it is not immediately obvious why the chlorite/quartz assemblage (Factor 1) responds predominantly to 23 k.y. aridity cycles, while the illite/plagioclase/kaolinite assemblage (Factor 2) responds to 41 k.y. aridity cycles, and the palygorskite/dolomite assemblage responds to 100 k.y. cycles. The association of each mineral assemblage with a specific primary Milankovitch frequency may reflect the combined effects of two processes: (1) the rates of mineral weathering/formation, so that more resistant primary minerals are enriched during longer climatic cycles; and (2) the role of climatic variations at each frequency in develop- ing source area conditions favorable for formation/erosion of that mineral assemblage (e.g., the effects of sea level fluctuations or vegetation changes). For example, chlorite is generally viewed as more susceptible to chemical weathering than illite (Dixon and Weed, 1977; Velde, 1985) , so the association of chlorite with the shortest climatic cycles may reflect preferential production/preservation of chlorite during shorter intervals of chemical weathering. Rates of chemical weathering are difficult to measure directly, and such data from the Arabian Sea region are not known. Some useful data from cold arid regions in Antarctica were summarized by Ugolini (1986) , where both mica (illite) and chlorite were de- graded over 17-21 k.y. of exposure. These time scales of weathering are in general agreement with the 23 and 41 k.y. periods of climatic change produced by insolation variations. In contrast, palygorskite forms relatively quickly under appropriate chemical conditions (Dixon and Weed, 1977; Velde, 1985 ; and references therein), so its association with 100 k.y. aridity cycles does not appear to reflect time scales needed for palygorskite formation. Instead, this association may indicate the role of 100 k.y. climatic cycles in developing and desiccating continental environments, such as coastal sabkhas and alkaline lakes, that are suitable for palygorskite formation. Distinguishing between the effects of mineral susceptibility to weathering and the larger-scale effects of source area change will require a geographically widespread suite of well-dated, highresolution mineralogic records, combined with more detailed knowledge of local paleoclimatic fluctuations in the continental source regions over the past 500 k.y.
SUMMARY
Terrigenous eolian sediments deposited on the Owen Ridge during the past 500 k.y. are composed of smectite, illite, palygorskite, kaolinite, chlorite, quartz, plagioclase feldspar, and dolomite. This mineralogy is consistent with the compositions of source areas presently supplying sediment to the Arabian Sea. Significant climatic changes have occurred in these source regions over the past 500 k.y., however, so that the composi- tions of sediments supplied from each source may have changed through time. An R-mode factor analysis of the mineral abundances has identified four mineral assemblages present throughout the record at Site 722: a quartz/chlorite/dolomite assemblage (Factor 1), a kaolinite/plagioclase/illite assemblage (Factor 2), smectite (Factor 3), and a palygorskite/dolomite assemblage (Factor 4). Chlorite, illite, and palygorskite are all susceptible to chemical weathering, suggesting that Factors 1, 2, and 4 each reflect arid continental source areas. This interpretation is supported by spectral analysis, which indicates that production of these mineral assemblages increased during more arid glacial intervals. In contrast, Factor 3 is interpreted to record relatively humid source conditions.
Pollen and lake-level data indicate that continental areas around the Arabian Sea became more arid during glacial intervals and more humid during interglacials. Time-series of scores for the "arid" and "humid" factors (1, 2, and 4 vs. 3) are dominated by short-term (10-100 k.y.) variability, and do not correlate well to glacial/interglacial fluctuations in the time domain. These characteristics suggest that local environmental fluctuations were more complex than simple transitions between arid glacials and humid interglacials, that orbital fluctuations were not the sole mechanism forcing changes in the mineral assemblages, and/or that each mineral assemblage adjusted (equilibrated) to climatic change on a different time scale.
Scores for each factor were examined by spectral analysis, and peaks at or near the primary Milankovitch frequencies occur for all factors. Factors 1, 2, and 4 each exhibit significant coherence and a zero phase relationship at a single Milankovitch frequency with the Site 722 eolian MAR record (Factor 1 at 23 k.y., Factor 2 at 41 k.y., Factor 4 at 100 k.y.). These coherence and zero phase relationships are consistent with the interpretation of the eolian MAR record and the scores for Factors 1, 2, and 4 as indicators of glacially forced aridity caused by changes in solar insolation. The physical processes that produce coherence in a single Milankovitch frequency for each factor are not known at this time; working hypotheses include: (1) preferential development of the different mineral assemblages by weathering over varying time scales, as controlled by the mineral stabilities; and (2) preferential development of suitable continental source environments over varying time scales of climatic change.
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